Some 11% to 20% of patients are dissatisfied following total knee arthroplasty (TKA) mainly because of knee motion limitations (Matsuda et al. 2013 , Huang et al. 2017 , knee pain (Gunaratne et al. 2017) , and functional limitations (Gunaratne et al. 2017) . Early and accurate identification of patients at risk for poor post-TKA outcomes would better direct resources toward preventive care for them. Furthermore, to facilitate shared decision-making, providing patients preoperatively (Barlow et al. 2016 ) with individualized information on expected post-TKA outcomes may help them set more realistic expectations about surgical outcomes (Husain and Lee 2015, Volkmann and FitzGerald 2015) , which in turn improves patient satisfaction.
Few studies have systematically combined multiple predictors to generate individualized outcome predictions. These studies have focused singularly on combined pain and physical function outcomes , Sanchez-Santos et al. 2018 , health-related quality of life (Gutacker and Street 2017) , or patient satisfaction (Van Onsem et al. 2016) . Although consensus statements (Singh et al. 2016 , Lange et al. 2017 ) have advocated knee range of motion, knee pain, and physical function as distinct and important post-TKA outcomes, no studies have developed a prediction model to provide individualized predictions on these outcomes separately. Thus, we aimed to create a prediction model for post-TKA knee range-of motion, knee pain, and walking limitations.
Patients and methods
Between July 2013 and July 2017, we identified 5,491 patients aged ≥ 50 years who underwent a unilateral primary TKA for knee osteoarthritis (OA) in Singapore General Hospital-the largest tertiary teaching hospital in Singapore, which performed half of all knee arthroplasties in the nation of 5.6 million people (Singapore Ministry of Health [last accessed JanuBackground and purpose -Up to 20% of patients are dissatisfied after total knee arthroplasty (TKA), mainly because of pain and restricted physical function. We developed a prediction model for 6-month knee range of motion, knee pain, and walking limitations in patients undergoing TKA surgery.
Patients and methods -We performed a prospective cohort study of 4,026 patients who underwent elective, primary TKA between July 2013 and July 2017. Candidate predictors included demographic, clinical, psychosocial, and preoperative outcome measures. The outcomes of interest were (i) knee extension and flexion range of motion, (ii) knee pain rated on a 5-point ordinal scale, and (iii) self-reported maximum walk time at 6 months post TKA. For each outcome, we fitted a multivariable proportional odds regression model with bootstrap internal validation.
Results -At 6 months post TKA, around 5% to 20% of patients had a flexion contracture ≥ 10°, range of motion < 90°, moderate to severe knee pain, or a maximum walk time ≤ 15 minutes. The model c-indices (the probabilities to correctly discriminate between 2 patients with different levels of follow-up TKA outcomes) when evaluating these patients were 0.71, 0.79, 0.65, and 0.76, respectively. Each postoperative outcome was strongly influenced by the same outcome measure obtained preoperatively (all p-values < 0.001). Additional statistically significant predictors were age, sex, race, education level, diabetes mellitus, preoperative use of gait aids, contralateral knee pain, and psychological distress (all p-values < 0.001).
Interpretation -We have developed models to predict, for individual patients, their likely post-TKA levels of knee extension and flexion range of motion, knee pain, and walking limitations. After external validation, they can potentially be used preoperatively to identify at-risk patients and to help patients set more realistic expectations about surgical outcomes.
ary 19, 2018] ). We excluded patients who underwent revision knee surgery within 6 months post TKA (n = 16). We also excluded patients who had a history of rheumatoid arthritis (n = 58) and patients with stroke or Parkinson's disease (n = 108). For patients with consecutive admissions for TKA (n = 863), only data from their first admission were used. Of the remaining 5,309 patients, we selected a cohort of 4,026 patients with non-missing 6-month follow-up outcomes (Figure 1 , Supplementary data). Included patients were similar to those who were excluded because of missing data (Table 1 , Supplementary data). All data were collected by physiotherapists and data technicians trained in the testing procedures and entered into an electronic registry database as per routine practice policies of our institution. Study design and reporting was based on the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) Statement (Collins et al. 2015) .
Candidate predictors
We selected candidate predictors based on clinical expertise, literature review , Van Onsem et al. 2016 , Gutacker and Street 2017 , and data availability in our databases. To improve the practicality of the prediction models, we considered variables that were less equipment-dependent and were routinely and easily measured in the clinical setting. We identified 14 predictors, which included demographic, clinical, psychosocial, and preoperative outcome measures (Table 1 , Supplementary data). Of interest, the presence of contralateral knee pain was measured by the "Patient Category" item (response choice b) from the Knee Society Clinical Rating System (Insall et al. 1989) . For the type of walking aids used preoperatively, we coded the responses into 4 categories: (1) none, (2) walking stick or umbrella, (3) quadstick, and (4) walking frame or 2 canes or crutches. To assess selfreported depression, a single question (Q28) from the SF-36 ("How much of the time during the past four weeks have you felt downhearted and depressed?") was used (Pomeroy et al. 2001) .
Outcome measures
The outcomes of interest were the 6-month postoperative knee range of motion, knee pain, and walking limitations. Notably, we have chosen an intermediate (6-month) postoperative timepoint because (i) model prediction accuracy may decrease with a longer time horizon, (ii) knowledge of intermediateterm (6-months) risk for poor TKA outcomes will aid patient education and assist in rehabilitation planning, and (iii) TKA outcomes such as knee range of motion were reportedly nearing their peak at the 6-month timepoint (Stratford et al. 2010) .
A long-arm goniometer was used to measure active-assisted knee extension and flexion range of motion with the patients in supine position. To measure knee pain, patients were asked to describe their usual knee pain during the past 4 weeks. This variable, taken from Q1 of the Oxford Knee Questionnaire (Dawson et al. 1998 ), has 5 categories: (i) none, (ii) very mild, (iii) mild, (iv) moderate, and (v) severe. To measure walking limitations, patients were asked to estimate the time they were able to walk (without a rest) before they had severe difficulty with the operated knee. This variable had 4 categories: (i) > 30 min, (ii) 16-30 min, (iii) 5-15 min, and (iv) around the house only.
Statistics
Data are expressed as means (SD) and medians with quartiles for continuous variables and as counts with percentage for categorical variables. We used proportional-odds ordinal regression models, which examined the multivariable associations of the predictors listed in Table 1 (Supplementary data) with 3 outcomes-namely, knee flexion and extension range of motion, knee pain, and walking limitations. We used proportional-odds ordinal regression because (i) it can handle both ordinal and clumped continuous outcomes Pocock 2000, Liu et al. 2017 ) and (ii) it preserves the information in ordinal outcomes and has greater precision compared with binary logistic regression. To avoid assuming linearity, we modelled all continuous predictors as restricted cubic splines (Durrleman and Simon 1989, Harrell Jr 2015) . All other predictors were included in the models as binary or categorical variables. Apart from the "education-level" variable, which was missing in 7.7%, all other predictors were missing at very low levels (0.02% to 0.5%). Thus, we used the transcan function in the R Hmisc package (R Foundation for Statistical Computing) to singly impute missing values. To account for model overfitting, we shrank the odds ratios (ORs) in the models using penalized regression (Moons et al. 2004 , Harrell Jr 2015 . To account for the clustering of patients within surgeons, which may bias the confidence intervals toward being too narrow, we calculated Huber-White robust estimates of standard errors and confidence intervals (White 1980 ).
We assessed model performance in 2 ways. First, we measured model discrimination by the concordance index (c-index). Similar to an AUC statistic, the generalized c-statistic may be interpreted as the probability to correctly discriminate between 2 patients with different levels of follow-up TKA outcomes, where a value of 1 represents perfect discrimination and 0.5 represents no discrimination ("coin flip") (Harrell Jr 2015) . We computed the generalized c-indices of our ordinal models and the c-indices for the predictions of poor post-TKA outcomes (defined as (i) a knee flexion contracture ≥ 10° (Ritter et al. 2008) , (ii) a knee flexion range < 90°, (iii) a knee pain rating of "moderate" or "severe," and (iv) a maximum walk time ≤ 15 min). Because a prediction model is expected to perform better ("optimistically") in the development sample than in new (but similar) samples, bootstrap internal validation (Austin and Steyerberg 2017) with cluster sampling (Bouwmeester et al. 2013 ) was performed to shrink the c-indices for "optimism" (Harrell Jr 2015) . Second, we assessed model calibration using loess-smoothed calibration plots.
In sensitivity analyses, we examined potential variations in temporal effects (year of knee surgery) and predictor effects over time (Austin et al. 2017 ), and we found no statistically significant overall time effect (data not shown). We also calculated sensitivity, specificity, positive and negative predictive values (with Wilson 95% confidence intervals [CI]) for various risk thresholds of our prediction models. We assessed and confirmed the appropriateness of our prediction model using residual plots and empirical cumulative logit curves, and all analyses (including the computation of 95% CI) and graphing were done with the rms (Harrell Jr 2017) , ROCR (Sing et al. 2005) , and ggplot2 (Wickham 2009 ) R packages (http:// www.r-project.org). The web-based application was developed with the R shiny (Chang et al. 2017) package.
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Results
The mean age of all 4,026 patients was 68 years (SD 7.5) and women accounted for three-quarters of the sample (Table 1 , Supplementary data). Figure 2 shows the partial effects of each predictor for all outcomes. Figure 2 . Part 1. Forest plot of odds ratios (ORs) and 95% confidence intervals (CIs) from proportional-odds ordinal regression models predicting (i) knee extension and flexion range of motion, (ii) knee pain intensity, and (iii) walking limitations at 6 months post-TKA. Values to the immediate right of continuous predictors are quartiles, and the ORs estimate the odds of better TKA outcomes (i.e., greater knee range of motion, lower knee pain, and greater walking ability) at the 75th vs. the 25th percentile values. This scaling is done to facilitate the interpretation and comparison of effect sizes of continuous predictors that are often measured on different units. As an illustrative example, other variables being equal, patients with a BMI of 30 (75th percentile) had, on average, 0.89 times (95% CI, 0.80-0.99) the odds of having greater walking ability at 6 months post-TKA, relative to patients with a BMI of 24 (25th percentile). TKA: total knee arthroplasty. Notably, as the goal of this analysis was prediction, the ORs are a measure of predictive effects and they should not be interpreted as causal effects (Steyerberg 2009 ).
Knee range of motion
Preoperatively, mean (SD) knee extension and flexion range were 7° (7°) and 118° (18°), respectively. At 6 months postsurgery, around a fifth of patients (20%; CI, 18-21) had a knee flexion contracture ≥ 10° while 5.6% of the patients (4.9-6.4) had a knee flexion range < 90°. The generalized, optimismcorrected c-indices for the knee extension and flexion models were 0.65 and 0.70, respectively. The c-indices for the prediction of a postoperative knee flexion contracture ≥ 10° and a knee flexion range < 90° were 0.71 and 0.79. For knee extension range of motion (Figure 2) , preoperative knee extension range was the strongest predictor. Additional statistically significant predictors (p < 0.001) of greater (better) postoperative knee extension range were younger age, absence of diabetes mellitus, and lower preoperative walking limitations (better walking ability). For knee flexion range of motion, preoperative knee flexion range was the strongest predictor. Additional statistically significant predictors (p < 0.001) of greater (better) postoperative knee flexion range were male sex, absence of diabetes mellitus, and greater preoperative knee extension range.
Knee pain
Preoperatively, over four-fifths of patients (83%, CI 82-84) reported at least moderate knee pain; at 6 months post-surgery, the figure was around 1 in every 10 patients (8.7%, CI 7.9-9.7). The generalized, optimism-corrected c-index for the knee pain model was 0.58. The c-index for the prediction of a postoperative knee pain rating of at least "moderate" was 0.65. Beside lower preoperative knee pain levels, additional statistically significant predictors (p < 0.001) of lower (better) postoperative knee pain levels were lower preoperative depression levels, lower preoperative knee flexion range, and Chinese race.
Walking limitations
Preoperatively, half of the patients (55%, CI 53-57) reported an inability to walk for more than 15 minutes; at 6 months post-surgery, this was just over 1 in every 10 patients (13%, CI 12-14). The generalized, optimism-corrected c-index for the walking limitations model was 0.70. The c-index for the prediction of a maximum walk time ≤ 15 minutes was 0.76. Besides lower levels of preoperative walking limitations, additional statistically significant predictors (p < 0.001) of lower (better) levels of postoperative walking limitations were younger age, the use of a smaller or no gait aid preoperatively, lower preoperative depression levels, the absence of contralateral knee pain, and Chinese race. Figure 3 (Supplementary data) shows the calibration plots of all prediction models. Table 2 shows the test characteristics of the prediction models at various risk thresholds and suggests that the prediction models tend to be adept in identifying patients at low risk of poor TKA outcomes: its negative predictive values were ≥ 94% for identifying true low-risk patients at a 5% risk threshold.
The prediction models
To facilitate the use of the prediction models in clinical practice, we created a web application (https://sgh-physio. shinyapps.io/predicTKR/) that shows the expected distributions of the TKA outcomes for individual patients based on their preoperative demographic and clinical characteristics. To provide a "bottom-line" prediction of outcome (Barlow et al. 2016) and to avoid setting universal (fixed) outcome thresholds which do not account for patients' baseline (preoperative) levels (Hildon et al. 2012) , the app also computes the predicted probabilities of achieving patient-defined acceptable levels of outcomes.
Discussion
We developed 4 models to predict, for individual patients, their likely levels of knee extension and flexion range of motion, knee pain, and walking limitations at 6 months post TKA. Our models showed adequate calibration (Figure 2 ) and modest to moderately good predictive discrimination when evaluating patients with poor postoperative outcomes, with c-indices ranging between 0.65 (knee pain model) and 0.79 (knee flexion model). Across all models, we found that the postoperative outcomes were strongly influenced by the same outcome measure obtained preoperatively-an unsurprising finding that is consistent with the literature (Gandhi et al. 2006 , Stratford et al. 2010 , Lewis et al. 2015 , Harmelink et al. 2017 , SanchezSantos et al. 2018 . Nonetheless, preoperative outcomes are not the only predictor of postoperative outcomes (Figure 2) , which supports the need to consider several factors when predicting postoperative outcomes. Interestingly, we observed that greater preoperative knee flexion range of motion was associated with lower odds of better (lower) postoperative knee pain rating 0.82, CI, ; Figure 1 ). To our knowledge, this association has not previously been examined and may seem paradoxical at first. However, it is plausibly explained by the emerging evidence of the inverse associations (i) between greater preoperative knee radiographic severity and lower (better) postoperative pain severity (Dowsey et al. 2012 , Valdes et al. 2012 ) and (i) between greater knee flexion range of motion and lower radiographic severity of knee OA (Holla et al. 2011) . Accordingly, it is possible that knee pain in patients with mild knee radiographic OA (and good flexion range of motion) is not directly driven by knee joint damage, but rather by chronic pain mechanisms such as higher pain sensitivity and/or central sensitization (Valdes et al. 2012 ). In our study, knee radiographic severity, indexed by the Kellgren-Lawrence grade in previous studies , was not included because it is not readily available for incorporation into realtime prediction given its semi-quantitative nature (Wright 2014) . Thus, it would be of interest for future prediction modelling studies to compare the predictive information provided by Kellgren-Lawrence grade with that provided by knee flexion range of motion.
In our study, patients' preoperative depression level was an important predictor of postoperative 6-month pain and walking limitations. Reviewing the literature, recent systematic reviews have reported that greater preoperative psychological distress is associated with worse pain and physical function post TKA (Lewis et al. 2015 , Bletterman et al. 2017 ). In terms of intervention studies, Riddle et al. (2011) reported that patients who were preoperatively instructed in pain coping skills reported better Month-2 self-reported pain and physical function outcomes. Similarly, Cai et al. (2017) demonstrated, in a recent randomized clinical trial, that providing targeted cognitive behavioral therapy in the early postoperative care resulted in better Month-6 self-reported pain and physical function outcomes. Thus, taken together, our results indicate that at-risk patients may benefit from targeted behavioral interventions during the preoperative and early postoperative periods to modify this risk factor and improve outcomes.
In our multi-racial sample of Chinese, Malay, and AsianIndian patients, we observed racial variation in post-TKA outcomes: Chinese race was associated with significantly lower (better) postoperative levels of knee pain and walking limitations, and these findings persisted after adjustment for multiple demographic, clinical, psychosocial, and preoperative outcome measures (Figure 1) . At a time when race has been generally inadequately studied in orthopedics (Somerson et al. 2014) , our findings provide useful timely information and, potentially, differences in perceived pain thresholds (Tan et al. 2008 ) and sociocultural expressions of pain (Campbell and Edwards 2012) may help explain them. Although we found important variations in outcomes according to patient race, patients belonging to a racial group that is considered as having poor post-TKA outcomes may still achieve a good outcome prognosis if other variables are favorable. We emphasize the need to consider multiple factors when providing individualized outcome predictions. Also, we caution that predictions from our models should serve as a starting point for shared decision-making, and not as a definitive or final recommendation.
Limitations
Our study has limitations. First, our data come from only 1 institution, but it delivers care to a large segment of the nation's population. Having a large and representative population-based sample improves the stability of our model predictions and their applicability to institutions with patients who have similar characteristic to our patients. Second, although our prediction models have satisfactory discrimination, their performance is not optimal. Furthermore, our models could be criticized for not including potentially important predictors such as the severity of radiographic knee OA and a comprehensive list of comorbidities and psychosocial factors. Nevertheless, as we continue to grow our database and refine the variables collected, we will be able to update our prediction models and improve their prediction accuracy. Third, although we have implemented our prediction models in a web application to improve their accessibility in the clinical setting, we acknowledge that prediction models are unlikely to be widely used unless they can be incorporated into electronic medical records systems. As our prediction models comprise routinely and easily measured variables in the clinical setting, it is possible to integrate and externally validate them in electronic medical records systems. Future studies should explore this possibility. Fourth, we studied an Asian sample so the extent to which our results may apply to non-Asians is unknown. Finally, although we believe that knowledge of intermediateterm (6 months) risk for poor TKA outcomes will aid patient education and assist in rehabilitation planning, our models do not predict longer-term outcomes; TKA outcomes such as self-reported knee pain and physical function may require as long as 2 years to reach a plateau (Giesinger et al. 2014 , Lim et al. 2015 .
In summary, at 6 months post TKA, around 5% to 20% of patients had knee range limitations, moderate to severe knee pain, or walking limitations (maximum walk time ≤ 15 minutes). Using data that are routinely collected and available from our database, we have developed prediction models that can potentially complement clinical and shared decisionmaking by providing personalized risk estimates of these important outcomes. The next step in translating this work is to perform external testing before evaluating the impact of individualized risk predictions on improving patient outcomes and satisfaction. 
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